We examined the effect of surface chemistry on adsorption of fibronectin (Fn) and vitronectin (Vn) and subsequent cell adhesion, employing self-assembled monolayers (SAMs) of alkanethiols carrying terminal methyl (CH3), hydroxyl groups (OH), carboxylic acid (COOH), and amine (NH2). 
I-labeled proteins with a different ratio to non-labeled proteins. The adsorbed amount of proteins was constant regardless of the ratio (data not shown), suggesting that the iodination of Fn and Vn does not change their adsorption behavior.
A 100 µL droplet of protein solution, dissolved in DPBS containing 10 mM NaI (PBSI) [26] , was placed on a 35-mm non-treated polystyrene dish (Asahi Techno Glass Corp., Tokyo, Japan), and substrate-carrying SAM was immediately floated on the droplet so that the SAM surface faced the protein solution. The substrate was placed on the droplet immediately in order to avoid formation of protein layer at air-water interface of the droplet. The concentration of Fn or Vn was kept constant at 0.01 mg/mL while BSA concentration was varied at 0.01-10 mg/mL in PBSI. I-labeled Fn was then added to a concentration of 30 µg/mL. For Vn, 125 I-labeled Vn was added to native FBS at a concentration of 20 µg/mL, which is one tenth of the Vn concentration in native FBS [24] . A protein adsorption experiment was performed as described above. The amount of adsorbed Fn was calculated from radioactivity while that of adsorbed Vn was calculated from radioactivity and then multiplied by 11 because the FBS included 125 
I-labeled
Vn and native Vn with a presumed ratio of 1:10.
Cell culture
HUVECs (Lonza, Walkersville, MD, USA) were maintained on tissue culture dishes at 37 °C in 5% CO2. The culture medium, prepared by following the instructions from the HUVECs supplier, was Endothelial Basal Medium (EBM-2, Lonza) supplemented with 2% FBS (Lonza) and with the growth factors hFGF-B, VEGF, R3-IGF-1, and hEGF, and also containing hydrocortisone, ascorbic acid, heparin, gentamicin, and amphotericin-B (Lonza). Cells were collected by the addition of a 0.025% trypsin/0.01% EDTA solution (Lonza). Cells in passages from 4 to 5 were collected and used for the cell adhesion assay. The culture medium containing EBM-2, 2% FBS, gentamicin, and amphotericin-B was used in the cell adhesion tests and is referred to here as the assay medium.
Cell adhesion to SAMs preadsorbed with proteins
SAMs, formed on the gold-coated cover glasses as described above, were immersed in 70% ethanol and placed in a 24-well non-treated polystyrene plate (Asahi Techno Glass Corp.). The SAMs were incubated with 10 µg/mL Fn or Vn solutions in DPBS or 0.01-10 mg/mL BSA at 37 °C for 30 min. The surface was then washed with DPBS three times and once with the assay medium. Collection of HUVECs by the addition of trypsin/EDTA was carefully monitored and terminated at the point of rounding up of the cells in order to minimize damage to cell surface components. Cells were washed once and then suspended in either the assay medium, or the serumfree medium which contains only 1 mg/mL BSA (same as BSA concentration in 2% FBS). A suspension of HUVECs was added to each well at a density of 1 × 10 4 cells/cm 2 and incubated at 37 °C in 5% CO2. After 1 h of culture, phase-contrast images of the cells were taken using an inverted microscope (IX71, Olympus, Tokyo, Japan) with a 10× objective. Cells were washed with warm DPBS three times to remove non-adherent cells and then fixed with 4% paraformaldehyde (PFA; Nacalai Tesque) in DPBS for 20 min. After the fixed cells were washed with DPBS three times, cell nuclei were stained with 2 µg/mL of Hoechst 33258 (Dojindo Laboratories) in 20 mM Tris-HCl buffered solution (pH 8.0) for 20 min. The number of adherent cells on each surface was determined by counting the number of stained nuclei using a fluorescence microscope (10× objective lens) in 10 different fields.
Immunostaining
HUVECs were cultured on SAMs preadsorbed with Fn or Vn as described above. After 1 h of incubation, cells were rinsed with warm DPBS three times and fixed with PBS solution containing 4% PFA for 20 min. Cells were permeabilized by treatment with 0.5% TritonX-100 solution at room temperature for 5 min and then treated with 2% skim milk solution for 1 h to block nonspecific adsorption of antibodies, followed by incubation with the primary antibody against 
Statistical analysis
Significant differences between two groups were examined using the Tukey's HSD test. A p < 0.05 was considered as statistically significant. All statistical calculations were performed using JMP, version 7.0.1 (SAS Institute, Cary, NC).
Results

Surface characterization
SAMs carrying four different functionalities (CH3-, OH-, COOH-, NH2-) were chosen since they are typical functional groups present in polymer substrates and hence commonly examined for protein adsorption and cell adhesion studies [3] [4] [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] [21] [22] . Surface properties of the SAMs were characterized by XPS and water contact angle measurements ( Table 1) . Most of the atomic compositions obtained were in good agreement with those expected from the molecular structures of alkanethiols. The water contact angles were in agreement with those reported in the literature [19] . These analyses confirmed that the expected SAM surfaces were formed on the gold surface. Figure 1) . When SAM surfaces were exposed to single Fn solution, a larger amount of Fn was adsorbed to CH3-, COOH-, and NH2-SAMs than to OH-SAMs (Fig. 1a) , in consistent with other reports [19] . The adsorbed amounts of Fn decreased with a decrease in the Fn/BSA ratio. However, the decrement differed with the surface functional group of the SAMs: The adsorbed amount of Fn was greatly reduced for CH3-and OH-SAMs but remained large for COOH-and NH2-SAMs. Even for Fn/BSA = 0.001, which is similar to the ratio of Fn and BSA in FBS (Fn: 30 µg/mL; BSA: 35-55 mg/mL), Fn adsorbed to COOH-and NH2-SAMs at 40% and 15% of that from the single Fn solution, respectively.
Adsorption of Vn exhibited a similar tendency to that of Fn. Larger amounts of Vn were adsorbed to CH3-and NH2-SAMs than to OH-and COOH-SAMs from single Vn solution (Fig.   1b) . Although adsorption of Vn to CH3-and OH-SAMs was markedly decreased in the presence of BSA, it was still observed for COOH-and NH2-SAMs. For Vn/BSA = 0.01, which is similar to FBS (Vn: 200 µg/mL, BSA: 35-55 mg/mL), the amount of adsorbed Vn decreased to only 60% for both COOH-and NH2-SAMs while it decreased to ~ 10% for CH3-and OH-SAMs.
Adsorption of Fn and Vn from FBS
We also examined adsorption of Fn and Vn to SAMs from FBS using 
Adsorption of Fn and Vn to SAMs preadsorbed with BSA
Considering that the concentration of BSA in serum is much higher than that of Fn or Vn, it is to be expected that a protein-adsorbed layer from FBS mainly would consist of BSA at the initial phase of adsorption. In such a case, adsorbed BSA would need to be displaced with Fn and Vn. To examine displacement of BSA with cell adhesive proteins, SAMs were incubated with 1 mg/mL BSA for 30 min followed by incubation with either 125 I-labeled Fn or Vn. The adsorbed amounts of both Fn and Vn on COOH-and NH2-SAMs were higher than those on CH3-and OH-SAMs ( Fig. 3) , suggesting that COOH-and NH2-SAMs allow for displacement of preadsorbed BSA with Fn and Vn.
Cell adhesion to SAMs preadsorbed with Fn and Vn
HUVECs were used to examine cell adhesion behavior to SAMs preadsorbed with Fn or Vn mixed with BSA. Figure In addition, cells adhered to COOH-SAM preadsorbed with only BSA (~50% of those for Fnadsorbed SAMs), in agreement with our previous studies [9, 10] . Considering the experimental conditions in which cells are incubated in a medium supplemented with 2% FBS, preadsorbed BSA is thought to be displaced with serum proteins included in FBS. Cell adhesion was greatly suppressed for COOH-SAM preadsorbed with single BSA when cells were incubated in the serumfree medium. These results suggest that displacement of BSA with Fn or Vn, both of which are included in a serum-containing medium, is also important to mediate cell adhesion to surfaces.
Preadsorption of single Vn solution enabled HUVECs to adhere to SAMs independently of the SAM surface functional group (Fig. 4c) . Of note, no significant difference in the numbers of adhered cells was observed among SAMs preadsorbed with a Vn/BSA of 0.001. This was also observed when cells were incubated in the serum-free medium (Fig. 4d) . Preadsorption of SAMs with only BSA did not change the number of adherent cells for NH2-SAMs and slightly decreased for CH3-and OH-SAMs, suggesting the contribution of non-biospecific or electrostatic interaction to cell adhesion. In contrast, for COOH-SAM, presence of Vn greatly increased the number of adherent cells in both cases. These results clearly suggest that preferential adsorption of Vn mediate adhesion of HUVECs to COOH-SAM.
Formation of focal adhesion and actin stress fibers
Spreading of HUVECs on SAMs preadsorbed with either Fn or Vn was evaluated in terms of formation of focal adhesion complexes and actin stress fibers. Cells were immunostained with antibodies against integrin α5 for Fn-adsorbed surfaces and integrin αv for Vn-adsorbed surfaces, which are major integrins interacting with Fn (α5β1) and Vn (αvβ3), respectively. F-actin was also stained with fluorescently labeled phalloidin to observe stress fiber formation.
HUVECs adhered on SAMs preadsorbed with single Fn exhibited clear clusters of integrins α5, which are co-localized with actin stress fibers (Fig. 5a ), indicating formation of well-organized focal adhesion. When HUVECs were cultured on SAMs preadsorbed with Fn/BSA of 0.001, lessdeveloped F-actin fibers and no obvious cluster of integrins were observed for COOH-SAMs, indicating reduced formation of focal adhesion (Fig. 5b) . For NH2-SAMs, diffuse F-actin and no cluster of integrins were observed. Fewer HUVECs adhered to CH3-and OH-SAMs preadsorbed with Fn/BSA of 0.001 as shown in Figure 4a , and adherent HUVECs exhibited no clustering either of integrin or F-actin.
In the case of SAMs preadsorbed with single Vn, robust clusters of integrin αv and actin stress fibers were observed for all SAMs (Fig. 6a) , indicating formation of well-organized focal adhesions on Vn-coated SAM surfaces. For SAMs preadsorbed with a Vn/BSA of 0.001, however, no clustering of integrin or F-actin was observed for CH3-and OH-SAMs whereas HUVECs on COOH-and NH2-SAMs exhibited clusters of integrin and actin stress fibers (Fig. 6b) . These results suggest that Vn adsorbed on COOH-and NH2-SAMs efficiently mediates formation of the focal adhesion complex while that adsorbed on CH3-and OH-SAMs supports attachment of HUVECs but not formation of focal adhesion complexes.
Discussion
We have employed SAMs carrying four different functionalities (CH3-, OH-, COOH-, NH2-) and their mixed SAMs for protein adsorption and cell adhesion studies since they are typical functional groups present in polymer substrates and hence commonly examined [3] [4] [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] [21] [22] . XPS analysis of the SAMs indicated that most of the atomic compositions obtained were in agreement with those expected from the molecular structures of alkanethiols (Table 1) . Sulfur percentages were smaller than expected values estimated from molecular formula in all SAMs. This might be due to the attenuation of the photoelectrons emitted from the S-Au interface which must reach the detector through the SAM layer. In addition, the presence of oxygen in NH2-SAM surfaces might have been the result of oxidized sulfur species, as Wang et al [28] suggested. The water contact angles were in agreement with those reported in the literature [19] . These analyses confirmed that the expected SAM surfaces were formed on the gold surface.
We have shown that HUVECs adhere well to COOH-and NH2-SAMs but poorly to OH-SAMs and hardly at all to CH3-SAMs [9] . In our study which examined the effect of surface wettability on protein adsorption and subsequent cell adhesion using mixed SAMs of two different alkanethiols [10] , we found that the number of adherent cells was at its maximum on SAMs with moderate wettability (40-60°), although wettability varied slightly by the combination of surface functional groups and cell type. Our previous investigation of real-time monitoring of protein adsorption and cell adhesion using an SPR apparatus and a total internal reflection fluorescence microscope also demonstrated that serum proteins rapidly adsorbed to SAM surfaces within 1 min while cells adhered during the first 1 h [9] , demonstrating clearly that adsorption of serum proteins contributes to a SAM's suitability for cell adhesion. Moreover, on COOH-and NH2-SAMs, HUVECs adhesion to BSA-preadsorbed surfaces in medium containing 2% FBS was delayed by several minutes compared to HUVEC adhesion to bare surfaces, suggesting that displacement of (Fig. 1) ; larger amounts of Fn and Vn adsorbed on COOH-and NH2-SAMs than on CH3-and OH-SAMs. A similar tendency was observed for adsorption of Fn and Vn from 2% FBS (Fig. 2) . The difference in the adsorbed amount between Fn and Vn arises from the difference in their concentrations in FBS. Greater adsorption of Fn and Vn to surfaces having carboxylic acid and amine are consistent with other studies using tissue culture polystyrene (TCPS) and Primaria TM [15] and self-assembled monolayers of alkyl silanes [8] . We previously measured the total amounts of adsorbed serum proteins on the SAMs from culture medium supplemented with 2% FBS using SPR [9] , identifying 198 ng/cm 2 for CH3-, 180 ng/cm 2 for OH-, 226 ng/cm 2 for COOH-, and 256 ng/cm 2 for NH2-SAMs, respectively. The amounts of adsorbed Fn determined in this study were calculated to be 0.11% for CH3-, 0.06% for OH-, 1.32% for COOH-, and 0.29% for NH2-SAMs, of total amount of adsorbed serum proteins. The amounts of adsorbed Vn were also calculated to be 0.67% for CH3-, 1.09% for OH-, 3.57% for COOH-, and 6.84% for NH2-SAMs, respectively. Percentages of Fn and Vn included in the protein-adsorbed layers on COOH-and NH2-SAMs were much larger than those in FBS (Fn: 0.04%, Vn: 0.29%), which are estimated by assuming total protein concentration of FBS to be 70 mg/mL. Our results clearly demonstrate that Fn and Vn are effectively accumulated on COOH-and NH2-SAMs from complex media.
Vroman showed that fibrinogen from plasma at intermediate dilution adsorbs only transiently over a short interval [29] . This phenomenon, referred to as the Vroman effect, has been shown to result from competitive adsorption and displacement of adsorbed proteins with other proteins in the fluid phase [30] . Because of the low content of Fn and Vn in FBS, a protein layer at the initial phase of protein adsorption mostly consists of major serum proteins lacking cell-binding activity such as BSA and IgG. Displacement of initially adsorbed proteins with Fn and Vn is considered to be involved in preferential adsorption of Fn and Vn according to the Vroman effect, in which faster diffusing molecules are considered to be displaced by proteins with a higher affinity for surface [30, 31] . Our result indicated that COOH-and NH2-SAMs exhibited better adsorption of Fn and Vn after preadsorption of BSA for 30 min (Fig. 3) , suggesting displacement of preadsorbed BSA with Fn and Vn. Displacement of preadsorbed BSA might be related to its conformational change [32, 33] . Circular dichroism (CD) spectroscopic study by Sivaraman et al demonstrated that adsorption of albumin on hydrophobic CH3-SAM induced greater conformational change than on hydrophilic surfaces (OH-, COOH-, NH2-SAMs) [34] . Conformational change of adsorbed proteins on hydrophobic surfaces is also shown by molecular simulation [35] and Fourier transform infrared spectroscopy [36] . While strongly (or irreversibly) adsorbing albumin to CH3-SAM would inhibit displacement with other proteins in liquid phase, weakly (or reversibly) adsorbing albumin to hydrophilic SAMs would allow for the displacement [32, 37] . Affinity of Fn with OH-SAM, however, was not so strong as shown by poor adsorption of Fn to OH-SAM (Fig.   1a) . Therefore, preferential adsorption of Fn did not occur for OH-SAM. Preferential adsorption of Fn and Vn for COOH-and NH2-SAMs is considered to result from displacement of initially adsorbed BSA with Fn and Vn due to relatively weak interaction of BSA with COOH-and NH2-SAMs.
Despite the similarity of adsorption behavior to SAMs between Fn and Vn, cell adhesion behavior was greatly different. HUVECs adhered to SAMs preadsorbed with mixtures of Fn and BSA (Fig. 4a) , correlating to the number of adsorbed Fn (Fig. 1a) . However, HUVECs adhered to SAMs preadsorbed with Vn and BSA regardless of surface functional groups (Fig. 4c) , although a much smaller amount of Vn adsorbed on CH3-and OH-SAMs than on COOH-and NH2-SAMs (Fig. 1b) . We consider that this finding can be explained in terms of the number of adhesion sites on SAMs. The tripeptide sequence Arg-Gly-Asp (RGD) is one of the important adhesion sites included in both Fn and Vn and interacts with both integrins α5β1 and αvβ3 [38] . We calculated (Fig. 4a, 4c) were then plotted against the RGD density (Fig. 7) . The RGD densities on CH3-SAM and OH-SAMs preadsorbed with Vn/BSA of 0.001 (Fig. 7b) were much higher than those preadsorbed with Fn/BSA of 0.001 (Fig. 7a) . This result suggests that the higher RGD density for adsorbed Vn than that for adsorbed Fn enables cells to adhere to CH3-SAM and OH-SAMs preadsorbed with Vn/BSA of 0.001. Results in Figure 7 also shows that most of prepared surfaces are located at higher RGD density for COOH-and NH2-SAMs regardless of Fn/BSA or Vn/BSA, clearly demonstrated that preferential adsorption of Fn and Vn onto COOHand NH2-SAMs supports cell adhesion on these SAM surfaces.
While good adherence of HUVECs on COOH-and NH2-SAMs preadsorbed with Fn agrees with other study [19] , good adherence on COOH-and NH2-SAMs preadsorbed with Vn has not been reported. Our result is consistent with other study using polymer substrates. Steele for NH2-SAMs, respectively. Our study showed adhesion of HUVECs at a lower RGD density than previous reports. This reduction is probably attributable to cell adhesion experiments performed in a medium supplemented with 2% FBS, which allows for displacement of preadsorbed proteins with serum proteins in the medium.
In fact, around 50% of seeded cells could adhere to COOH-SAMs preadsorbed with only BSA (Fig. 4a) whereas HUVECs did not adhere in a serum-free medium (Fig. 4b) . Although role of 2% FBS in the medium on cell adhesion for NH2-SAM is not clear due to the presence of some nonspecific interaction between cells and BSA-adsorbed NH2-SAM (Fig. 4b) , these findings suggest that HUVECs adhere well to COOH-SAMs because of preferential adsorption of both Fn and Vn and displacement of adsorbed BSA with Fn and Vn in a medium.
Although HUVECs adhered to SAMs preadsorbed with Vn and BSA (Vn/BSA: 0.001) regardless of surface functional groups (Fig. 4c) , focal adhesion and actin stress fibers were well organized for HUVECs on only COOH-and NH2-SAMs (Fig. 6b) . The RGD densities on Vn- ). This result is consistent with the study reported by Massia et al. [39] , which demonstrated that cell spreading and formation of focal contact and stress fiber required more RGDs than cell attachment. In addition, the RGD densities on Vn-adsorbed COOH-and NH2-SAMs were higher than those on Fn-adsorbed COOH-(225 fmol/cm 2 ) and NH2-SAMs (83 fmol/cm 2 ) in the presence of 1000-fold BSA. Greater adsorption of Vn than Fn was also observed in protein adsorption from 2% FBS, consistent with earlier studies using a variety of polymer substrates [15, 27, 40, 41] . Taken together, these results suggest the importance of preferential adsorption of Vn in mediating cell adhesion on COOH-and NH2-SAMs as reported by the reduction of cell adhesion in a medium supplemented with Vn-depleted serum but not Fn-depleted serum [42] .
Present study demonstrated that preferential adsorption of Fn and Vn from complex media is important for subsequent cell adhesion. It is known that conformation of adsorbed protein also plays an important role in its biological function. This is implied by our results that the RGD density necessary for cell adhesion is much higher than that obtained in studies using substrates presenting RGD peptides [39, 43] . Our results suggest that some Fn and Vn adsorb to SAMs so that their cell-binding domains are inaccessible to integrins because of changes in orientation and conformation upon adsorption. For Fn adsorption, the CH3-SAM required the highest RGD density while the OH-SAM required the least RGD density (Fig. 7a) , suggesting surface-dependent conformational change of adsorbed Fn. Conformational change of adsorbed Fn has been widely studied using SAMs [19, 20, 22, 44, 45] and polymer substrates [11, 14, 16] . Keselowsky et al. reported that surface functional groups of SAMs modulate conformation of adsorbed Fn qualitatively determined by binding of monoclonal antibody against their cell binding: OH-> COOH-= NH2-> CH3-SAMs [19] . These works studied the conformational change of adsorbed Fn from a single solution. In complex media, coadsorbing proteins affect conformation of adsorbed Fn [46] . To identify the true effect of protein adsorption on cell adhesion in complex media, the density of effective (active) adhesion sites accessible to cells needs to be further quantified by characterizing the conformational change of adsorbed Fn and Vn as well as the adsorbed amounts in complex media. Additionally, proteomics and bioinformatics analyses revealed the contribution of other adsorbed proteins to cellular behavior [47] . Combination of these techniques is required to further understand the role of adsorbed protein layer on cellular responses.
This study employed HUVECs to examine cell adhesion behavior to SAMs. Results will provide insights into endothelialization of artificial vascular grafts in vitro for preparing thromboresistant surface. The aim of this study is to understand the role of protein adsorption on cell adhesion at initial phase of cell adhesion process (~1 h). For effective coverage of materials surface with endothelial cells, cellular behaviors at later stages including growth or thromboresistant ability [48] need to be studied. In addition, relationship between protein adsorption and cell adhesion needs to be examined for a wide variety of cells to further understand cellular behavior on artificial substrates and to design substrates for specific cell types [49] [50] [51] [52] .
Conclusion
Adsorption of Fn and Vn was preferential for COOH-and NH2-SAMs compared to CH3-and OH-SAMs in both mixtures with BSA and a medium supplemented with 2% FBS. HUVECs adhered to SAMs preadsorbed with Fn and BSA depending on the adsorbed amount of Fn while they adhered all SAMs preadsorbed with Vn and BSA. This result was well related to the higher density of RGDs derived from adsorbed Vn than that derived from adsorbed Fn. HUVECs adhered to COOH-and NH2-SAMs preadsorbed with Vn and BSA exhibited clustering of integrins and well-organized actin stress fibers. These results demonstrate that Vn preferentially adsorbs to COOH-and NH2-SAMs sufficiently to support both cell adhesion and cell spreading. 
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